Abstract
Introduction

55
Tissue healing after tendon repair surgery is challenging [1] because tendons have limited 56 self-healing potential given the scar tissue on the repaired tendon [2, 3] . Even after long periods, 57 the structure and strength of the repaired tissue do not show full recovery, and the tissue does not 58 return to the normal state [4] . For these reasons, various studies on tendon repair using tissue 59 engineering with mesenchymal stem cells (MSCs) have been performed [5] [6] [7] [8] [9] .
60
Although bone marrow-derived, adipose tissue-derived, synovial membrane-derived, and 61 human embryonic MSCs have been used to differentiate into tenocytes [6, 9, 10] , these stem cells of what could be the most favorable factor combination [14, 16] .
80
In this study, we aimed to optimize culture conditions for the tenogenesis of T-MSCs and 81 BM-MSCs using TGF-β3 at different concentrations and culture times. 
Materials and methods
84
This experimental study was approved by the institutional review board of our institution.
85
Informed consent was obtained from all of the patients or patients' legal guardians. 
Tenogenic differentiation of BM-MSCs and T-MSCs
108
BM-MSCs and T-MSCs were seeded at a density of 1 x 10 4 cells/cm 2 into 24-well plates 109 in growth medium. After 18 h, the growth medium was removed and replaced with tenogenic 110 differentiation media, which consisted of DMEM-LG, 10% FBS, and 50 μg/mL L-ascorbate-2-111 phosphate with 5 or 10 ng/mL TGF-β3 (Sigma, St. Louis, MO, USA). MSC growth medium was 112 added to the control group. The medium was replaced three times a week. A full-factorial experimental design with a categorical factor of 0 was employed to study 127 the effect of tension in T-MSCs. The design comprised of three levels coded as -1, 0, and +1. In experiments and are presented in Table 2 . The results were analyzed via analysis of variance (ANOVA). Multi-level factorial Table 2 .
141
In this study, RSM combined with a full factorial design was used to investigate MSCs in 
Statistical analysis
149
The statistical significance among different concentrations and time points was analyzed by 150 ANOVA, followed by Tukey's multiple comparison test using SAS version 9.4.2 (SAS Institute,
151
Cary, NC). All statistics were two-tailed, and p < 0.05 was considered significant. 
Results
154
Immunophenotypic characterization of BM-MSCs and T-MSCs
155
In this study, immunophenotypic surface marker analysis of BM-MSCs and T-MSCS showed the 156 typical expression profile of human MSCs. Both MSC populations expressed CD73, CD90, and 157 CD105, whereas they lacked expression of CD11b, CD19, CD34, CD45, and HLA-DR (Table 3) .
158
T-MSCs showed stemness and were able to differentiate into at least adipocytes, osteoblasts, and (Table 4) . For all of the tenocyte lineage-related mRNAs that were assessed, the 183 predicted value of the factors was significantly increased at 2.7 ng/mL TGF-β3 (p < 0.001) at 2.5 184 days of culture (p = 0.001) (Fig 2A) . 
Optimization of tenocyte lineage-related factors from BM-MSCs
188
From the DoE approach, the predicted maximum ratio of collagen I to III in BM-MSCs was factors that were assessed, the predicted value of the factors was significantly induced during 2.5-212 day culture and 2.3-day culture in T-MSCs and BM-MSCs, respectively.
213
In the present study, the expression of scleraxis, TNMD, collagen I/III ratio, and tenascin 214 C, i.e., all examined molecules except for decorin, tended to increase after exposure of T-MSCs 215 and BM-MSCs to TGF-β3. Our results were similar to those of a previous study [19] . Although 216 the peak expression of each gene for T-MSCs and BM-MSCs was analyzed using DoE, the optimal 217 culture time and concentration of TGF-β3 varied for the peak expression of each gene. For instance,
218
in the present study, the expression of decorin decreased as the culture progressed, whereas the 219 expression of TNMD peaked during the 7-day culture in BM-MSCs after TGF-β3 treatment.
220
Because the expression levels of all genes that were analyzed in this study should increase for 221 tenogenesis of MSCs, we could not determine the optimal culture time. Figure 1 shows the results
222
of ANOVA for mRNA expression. Although the expression of TNMD did not change significantly, where is the T-MSCs, and are the day and amount, respectively ( In the results, were highly significant factors. The analysis of 1 , 2 , 
254
Response surface plots as a function of two factors at a time, with maintenance of all other factors at fixed levels, are helpful in understanding both the main and interaction effects of the two factors.
256
In the present study, the interaction effects of the variables and optimal levels of each variable MSCs should be performed.
266
In summary, we demonstrated a protocol for tenogenic differentiation of T-MSCs and BM-
267
MSCs using the DoE approach and showed that this protocol could be less expensive than the 268 standard protocol. In addition, our protocol was optimized with experimental variation. From the 269 DoE approach, tenogenic mRNAs in T-MSCs and BM-MSCs were significantly upregulated at 270 2.5 days of culture and 2.3 days culture, respectively. In T-MSCs, the peak expression of tenogenic 271 mRNAs was predicted to occur 2.7 ng/mL TGF-β3, whereas no significant TGF-β3 concentration 272 was observed for BM-MSCs. This study suggests the potential of using the DoE approach for 273 optimization of the culture protocol for tenogenesis of MSCs. Relative mRNA expression (Mean fold)
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